On the search of sterile neutrinos by oscillometry measurements 
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It is shown that the "new" neutrino with a high mass squared difference and a small mixing angle 
should reveal itself in the oscillometry measurements. For a judicious monochromatic neutrino source 
the "new" oscillation length L42 is expected shorter than 1.5 m. Thus the needed measurements 
can be implemented with a gaseous spherical TPC of modest dimensions with a very good energy 
and position resolution. The best candidates for oscillometry are discussed and the sensitivity to 
the mixing angle 614 has been estimated: sin^ (2^i4)=0.05 (99%) for two months of data handling 
with ^^^Cr. 
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A recent analysis of the Low Energy Neutrino Anomaly 
(LNA) Jj , [2j] led to a challenging claim that this anomaly 
can be explained in terms of a new fourth neutrino with 
a much larger mass squared difference. Assuming that 
the neutrino mass eigenstates are non degenerate one 
finds di: 
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mil > 1.5(eV)^ 



with a mixing angle: 



sin^ 26*14 = 0.14 ± 0.08(95%). 
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It is obvious that this new neutrino should contribute 
to the oscillation phenomenon. In the present paper we 
will assume that the new neutrino is sterile, that is it does 
not participate in weak interaction. Even then, however, 
it has an effect on neutrino oscillations since it will tend 
to decrease the electron neutrino flux. This makes the 
analysis of oscillation experiments more sophisticated. 
In all the previous experiments the oscillation length is 
much larger than the size of the detector. So one is able 
to see the effect only if the detector is placed in the right 
distance from the source. It is, however, possible to de- 
sign an experiment with an oscillation length of the order 
of the size of the detector, as it was proposed in 
This is equivalent to many standard experiments done 
simultaneously. The main requirements are as follows 

• The neutrinos should have as low as possible energy 
so that the oscillation length can be minimized. At 
the same time it should not be too low, so that the 
neutrino-electron cross section is sizable. 

• A monoenergetic neutrino source has the advantage 
that some of the features of the oscillation pattern 
are not washed out by the averaging over a contin- 
uous neutrino spectrum. 

• The life time of the source should be suitable for the 
experiment to be performed. If it is too short, the 



time available will not be adequate for the execu- 
tion of the experiment. If it is too long, the number 
of counts during the data taking will be too small. 
Then one will face formidable backgrounds and/or 
large experimental uncertainties. 

• The source should be cheaply available in large 
quantities. Clearly a compromise has to be made 
in the selection of the source. 

At low energies the only neutrino detector, which is sen- 
sitive to neutrino oscillations, is one, which is capable of 
detecting recoiling electrons^ or nuclei fE]: 

The aim of this article is to show that the existence 
of a new fourth neutrino can be verified experimentally 
by the direct measurements of the oscillation curves for 
the monoenergetic neutrino-electron scattering. It can 
be done point-by-point within the dimensions of the de- 
tector, thus providing what we call neutrino oscillometry 

The electron neutrino, produced in weak interactions, 
can be expressed in terms of the standard mass eigen- 
states as follows: 

i^e = cosei4 [cos 612 cos 613 vi -f sin 612 cos 6'i3 1^2+ 
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(3) 

where sin0i3 is a small quantity constrained by the 
CHOOZ experiment and sin0i4 is the small mixing angle 
proposed for the resolution of LNA[i[ , 0] ■ We can apply a 
four neutrino oscillation analysis to write, under the ap- 
proximations of Eq. [1] the Vf, disappearance oscillation 
probability as follows: 
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Since the oscillation lengths are very different, L42 << 
L32 << L21, one may judiciously select the distance L so 
that one observes only one mode of oscillation, e.g. that 
to sterile neutrino. Thus 



sm 26*14 sin^ ( 
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As we have already mentioned in connection with the 
NOSTOS-project [3|, the experiment involving electrons, 
unlike the hadronic target case, in addition to electron 
neutrino disappearance, is sensitive to the other neutrino 
flavors, which can also produce electrons. These flavors 
are generated via the appearance oscillation. Since, how- 
ever, the new neutrino is sterile, its presence will be man- 
ifested via the mixing angle On due to the reduction of 
the electron neutrino flux only. Thus the number of the 
scattered electrons, which bear this rather unusual oscil- 
lation pattern, is proportional to the (i'e,e~) scattering 
cross section, which can be cast in the form: 



cr(L, X, yth) = cr(0, X, yth){l ~ p{L, x)) 



(7) 



with X = Ey/rric and yth = iTe)th/me with {Te)th the 
threshold electron energy imposed by the detector. Note 
that the function xi^)j which appears when the neutrinos 
are not sterile Q, does not enter here. The oscillation 
part due to the sterile neutrino takes the form: 

PiL,x) = sin^ [2.48 ((Am^2/leV^)(L/m)) /x] sin2(26ii4) 

(8) 

with L the source-detector distance (in meters) . The 
total cross section in the absence of oscillations can be 
written in the form : 



ct(0,x, ytft) = 
h{x) = 
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with h{yth) — > 0, since the threshold effect is negligible 
in the case of the spherical TPC (STPC). 

We will consider a spherical detector with the source at 
the origin and will assume that the volume of the source 
is much smaller than the volume of the detector. The 
number of events between L and L + dL is given by: 
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NvUe ^^,^ (t{L, x) = N^nedLa{L, x, yth) (10) 
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where 
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with Ni, being the number of neutrinos emitted by the 
source, Ue the density of electrons in the target, which is 
proportional to the atomic number Z, Rq the radius of 
the target and a'(I/, x, yth) is the neutrino - electron cross 
section in units of {G'^m1)/2TT. 

One can ask whether the relevant candidates for small 
length oscillation measurements exist in reality. A de- 
tailed analysis shows that there exist many cases of nu- 
clei, which can undergo orbital electron capture yielding 
monochromatic neutrinos with low energy. 

Since this process has the two-body mechanism, the 
total neutrino energy is equal to the difference of the 
total capture energy Q ec (which is the atomic mass dif- 
ference) and binding energy of captured electron Bi and 
the energy of the final nuclear excited state E* , that is: 



Qec — Bi — E* 



(14) 



This value can be easily determined because the cap- 
ture energies are usually known (or can be measured 
very precisely by the ion-trap spectrometry Q) and the 
electron binding energies as well as the excited nuclear 
energies are tabulated The main feature of the 

electron capture process is the monochromaticity of neu- 
trino. This paves the way for the neutrino oscillometry 
[1]. Since Am|2 > 1.5(eV)^fl|, i.e. very large by neutrino 
mass standards, the oscillation length can be quite small 
even for quite energetic neutrinos. 



TABLE I: Proposed candidates for a new neutrino oscillom- 
etry at the spherical gaseous TPC. Tabulated nuclear data 
have been taken from [9|, other data have been calculated in 
this work (see the text for details. The mass of the source 
was assumed to be O.lKg). 
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In other words, unlike the case involving ^13 previously 
discussed one can now choose much higher neu- 

trino energy sources and thus achieve much higher cross 
sections. Thus our best candidates, see in Table HI are 
nuclides, which emit monoenergetic neutrinos with en- 
ergies higher than many hundreds of keV. Columns 2 
and 3 show the decay characteristics of the correspond- 
ing nuclides jlO|] . The neutrino energies in column 4 have 
been calculated byusing equation ([T4| taking Q ec from 
and Bi from fs']. For these nuclides the capture is 
strongly predominant between the ground states, thus 
E* Columns 5 and 6 give the oscillation lengths for 
the third and the fourth neutrino states. One can see that 
L32 and L42 are very different and that the two oscilla- 
tion curves can be disentangled. The maximum energy 
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of the recoihng electron can be calculated by use of Eq. 
(2.4) in Q. Column 7 shows the neutrino-electron cross- 
sections calculated by the use of formula ©. The last 
column presents the neutrino source intensities which can 
be reasonably produced by irradiation of the correspond- 
ing targets of stable nuclides in the high flux nuclear re- 
actors. 

The goal of the experiment is to scan the monoener- 
getic neutrino electron scattering events by measuring 
the electron recoil counts in a function of distance from 
the neutrino source prepared in advance at the reactor/s. 
This scan means point-by-point determination of scatter- 
ing events along the detector dimensions within its posi- 
tion resolution. 

In the best cases these events can be observed as a 
smooth curve, which reproduces the neutrino disappear- 
ance probability. It is worthwhile to note again that the 
oscillometry is suitable for monoenergetic neutrino, since 
it deals with a single oscillation length L32 or L42. This 
is obviously not a case for antineutrino, since, in this in- 
stance, one extracts only an effective oscillation length. 
Thus some information may be lost due to the folding 
with the continuous neutrino energy spectrum. 

Table H] clearly shows that the oscillation lengths for a 
new neutrino proposed in [T], [2] arc much smaller com- 
pared to those previously considered ^] in connection 
with . They can thus be directly measured within 
the dimensions of detector of reasonable sizes. One of 
the very promising options could be the STPC proposed 
in 0. If necessary, a spherical Micromegas based on 
the micro-Bulk technology [lH, which will be developed 
in the near future, can be employed in the STPC. In 
fact a large detector 1.3 m in diameter has already been 
developed and it is under operation at the LSM (Labo- 
ratoire Souterrain de Modane) underground laboratory. 
The device provides sub-keV energy threshold and good 
energy resolution. A thin 50 micron polyamide foil will be 
used as bulk material to fabricate the detector structure. 
This detector provides an excellent energy resolution, can 
reach high gains at high gas pressure (up to 10 bar) and 
has the advantage that its radioactivity level [l2| should 
fulfill the requirements of the proposed experiment. 

In this spherical chamber with a modest radius of a few 
meters the shielded neutrino source can be situated in 
the center of the sphere. The details of shielding, like the 
amount and the type of material surrounding the neu- 
trino source, which is required to reach an appropriate 
background level, is under study. The electron detector 
is also placed around the center of the smaller sphere 
with radius r « Im. The sphere volume out of the de- 
tector position is filled with a gas (a noble gas such as 
Ar or preferably Xe, which has a higher number of elec- 
trons) . The recoil electrons are guided by the strong elec- 
trostatic field towards the Micromegas-detector ^13], 14]. 
Such type of device has an advantage in precise position 
determination (better than 0.1 m) and in detection of 
very low electron recoils in 47r-geometry (down to a few 
hundreds of eV, that well suits to the nuclides of table 



Assuming that we have a gas target under pressure P 
and temperature Tq, the number of electrons in STPC 
can be determined by formula: 

= -4.4x lO^W^— — , (15) 

fcTo 10 Atm 18 To ^ ' 

where Z is the atomic number, while P and Tq stand for 
a gas pressure and temperature. 

Since in the resolution of neutrino anomaly one can 
employ sources with quite high energy neutrinos of hun- 
dreds of keV, one expects large cross sections. Therefore 
a modest size source, so that it can easily fit inside the in- 
ner sphere of the detector, and a modest size detector say 
of radius of 4 m and pressure of 10 bar can be adequate. 
We will thus employ these parameters in this calculation 
and assume a running time equal to the life time of the 
source. The result obtained for one of the candidates, 
nuclide ^^Cr, is shown in Fig. [1] This nuclide has pre- 
viously been considered for oscillation measurements I4l , 

As can be seen from this figure the oscillometry curves 
are well disentangled for different values of mixing an- 
gle 6*14, which shows the feasibility of this method for 
identification of the new neutrino existence as such. 

The sensitivity for determination of ^14 can be deduced 
also from the total number of events in the fiducial vol- 
ume of detector. After integration of equation (|lip over 
L from to 4 m it can be written in the form: 



B 
A 



A + Bsin^ (26I14), A = N^neRo(T{0, x) 



0.067 

Ro 



-X sm 



7.45R 



(16) 



Thus for 55 days of measurements with ^^Cr we find: 
A = 1.59 X 10^ and B = -7.56 x 10^ . 

Taking these values we determined the sensitivity of 
sin ^(2^14) = 0.05 within 99% of confidence level reach- 
able after two months of data handling in the STPC. 
This value is quite enough to access the validity of a new 
neutrino existence. 

The results presented in Fig. [1] did not take into con- 
sideration the electron energy threshold of 0.1 keV, which 
is too small in comparison with the neutrino energy and 
the average electron recoil energy. We neglected also the 
Solar background of 2 cou nts p er day derived from the 
measured Borexino results [iSj , (l6j . It is obvious that 
STPC should be installed in an underground laboratory 
surrounded with appropriate shield against rock radioac- 
tivity. 

In conclusion, we propose to use the oscillometry 
method for direct observation of the fourth neutrino ap- 
pearance. The calculations and analysis shows that neu- 
trino oscillometry with the gaseous STPC is a powerful 
tool for identification of a new neutrino in the neutrino- 
electron scattering. Since the expected mass-difference 
for this neutrino is rather high, the corresponding oscil- 
lation length is going to be sufficiently small for 1 McV 
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FIG. 1: Oscillation spectra with different values of 
sin ^(2^14)= 0.07, 0.17 and 0.27 on the corresponding colored 
curves with the statistical corridor of la. The values on the 
y-axis are obtained for 55 days of measurement with a ^^Cr 
source and an Ar target under a pressure of 10 bar. In all 
cases we have included distances up to 1.5 x 1/42. The pattern 
is repeated two times up to the radius of the sphere f?o= 4 
m. 



neutrino energy so that it can be fitted into the dimen- 
sions of a spherical detector with the radius of a few 
meters. The neutrino oscillometry can be implemented 
in this detector with the use of the intense monochro- 
matic neutrino sources which can be placed at the origin 
of sphere and suitably shielded. The gaseous STPC with 
the Micromegas detection has a big advantage in the 47r- 
geometry and in very good position resolution (better 
than 0.1 m) with a very low energetic threshold 100 
eV) . The most promising candidates for oscillometry have 
been considered. The sensitivity for one of them, e.g. 
^^Cr, to the mixing angle 6*14 is estimated as sin ^(2^14) 
= 0.05 with the 99% of confidence, which can be reached 
after two months of data handling. This value can be 
pushed further down by using renewable sources. The 
observation of the oscillometry curve suggested in this 
work will be a definite manifestation of the existence of 
a new type of neutrino, like the one recently proposed by 
the analysis of the low energy neutrino anomaly. 
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